Agency for Toxic Substances and Disease Registry conducted a study to evaluate body burden levels of volatile organic compounds (VOCs) among residents of highly industrialized Calcasieu Parish, LA, USA, in 2002. Blood VOC levels in a representative sample of participants in Calcasieu Parish were compared with a similar group of participants in the less-industrialized Lafayette Parish. Participants' ages ranged from 15 to 91 years, 46% were men, and 89% were Caucasian. VOC levels in these two populations were also compared at the national levels. Solid-phase microextraction coupled with gas chromatography mass spectrometry was used to measure levels of 30 VOCs in blood samples collected from 283 self-described non-smoking study participants. Of the 30 VOCs, 6 had quantifiable levels in at least 25% of the blood samples analyzed. The frequency of detection was 495% for benzene and m-/p-xylene, 460% for 1,4-dichlorbenzene and toluene, 27% for ethylbenzene, and 39% for styrene. Calcasieu and Lafayette Parish participants had similar distributions for six VOCs in key percentiles and geometric means. When compared with a representative sampling of the 1999-2000 US general population, no significant differences were found between the parish data and the US general population.
INTRODUCTION
Volatile organic compounds (VOCs) are ubiquitous contaminants released into the environment by natural and manmade sources. The most common sources of VOC exposure include tobacco smoke, petroleum products, chlorinated water, and synthetic products such as paints, lubricants, and insecticides. [1] [2] [3] Exposure to VOCs is more common indoors than outdoors, with concentrations of many VOCs up to 10 times higher indoors than outdoors. 4, 5 Exposure to VOCs occurs through inhalation, ingestion, and dermal contact. 6, 7 VOCs have a relatively short biological half-life (4 h) and are rapidly eliminated from the body. However, repetitive or ongoing exposures can lead to an increase in VOCs in the body. 8, 9 Long-term exposure to VOCs may increase risk for certain types of cancers 10 and birth defects.
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Calcasieu Parish is a heavily industrialized area in southwest LA, USA. This Parish has an area of 1071 square miles and a population of B188,000. The discovery of petroleum and gas reserves in the early 1900s led to the growth of many petrochemical and agrochemical manufacturing and processing plants in Calcasieu Parish, particularly in the Lake Charles area. These manufacturing plants produce chemicals such as chlorinated solvents, petroleumbased chemicals, and commercial chemical feedstock. In 2000, the US Environmental Protection Agency's (USEPA) Toxic Release Inventory ranked Calcasieu Parish sixth in the state, with 31 industries reporting releases of more than 14 million pounds of environmental contaminants, with petroleum, chemical, and solvent recovery industries being the largest contributors to the total release. In 2002, stationary point source VOC emissions in Calcasieu Parish were 22.3 tons per day (tpd) and the total VOC emissions from all source categories (stationary point, non-point, non-road mobile, and on-road mobile) was B49.6 tpd. 12 Calcasieu Parish residents expressed concern about the adverse health effects that may result from exposure to chemical contaminants released into the environment from emissions by these industrial sources. In 1998, at the request of the USEPA, the Agency for Toxic Substances and Disease Registry (ATSDR) assessed dioxin exposure among a small sample of Calcasieu Parish residents by measuring it in their serum. The results showed that the mean and median dioxin toxic equivalent concentrations exceeded the 95th percentile of a reference sample, which was calculated from data reported in national studies that were compiled by ATSDR and the National Center for Environmental Health (NCEH). 13 These findings provided the basis for a broader investigation of residential exposure to dioxins and VOCs in Calcasieu Parish.
In 2002, ATSDR initiated a parish-wide exposure study to evaluate blood VOC levels among residents of heavily industrialized Calcasieu Parish. The study was designed to recruit a representative sample of Calcasieu Parish residents, age 15 years or older, mostly in residential areas around the petrochemical and agrochemical industries in Calcasieu Parish, along with a similar group of residents of Lafayette Parish ( Figure 1 ). Lafayette Parish 1 was chosen as the comparison population because it is demographically and geographically similar to Calcasieu Parish and has fewer industrial facilities. Lafayette Parish was ranked 48th in the state for emissions with 10 industries reporting releases of more than 11,000 pounds of environmental contaminants. The stationary point source VOC emissions and the total VOC emissions in Lafayette Parish were much lower than that in Calcasieu Parish in 2002, which were 0.54 tpd and 27.2 tpd, respectively. 14 The objective of this study is to characterize human blood VOC levels in a population-based sample of Calcasieu Parish residents living within few miles to the industries and to compare their levels with residents in nearby, less-industrialized Lafayette Parish. In addition, participants were classified into risk zones, defined as being in one of the four geographic groups: industrial corridor (1 to 6 miles), industrial buffer (7 to 8 miles), and outer zone (9 to 25 miles) in Calcasieu Parish and Lafayette Parish ( Figure 1 ). To determine whether there were regional differences in VOC levels, blood VOC levels of residents in each parish were compared. In addition, blood VOCs from both parishes were combined and then compared with the national background levels that were reported in the 1999-2000 National Report on Human Exposure to Environmental Chemicals, which is an ongoing assessment of the US population's exposure to chemicals in the environment. 15 
METHODS
The details of the study design, target and comparison area, sampling design, and selection criteria for the study participants were described in previous publications. 16, 17 In summary, a multistage cluster probability sample was taken of Calcasieu and Lafayette Parishes for the purpose of comparing dioxin levels between residents of the two parishes. Participants in the present study were selected from among the same people who were chosen for the dioxin study, and included persons who were non-smokers and who had lived in Calcasieu Parish the 5 years preceding both of these studies and who were at least 15 years of age. The comparison group consisted of persons who resided in Lafayette Parish for the past 5 years, had never resided in Calcasieu Parish, and were at least 15 years of age. A total of 297 participants were randomly selected to participate in the VOC study. Of the 297 participants, 204 were Calcasieu Parish participants and 93 were Lafayette Parish participants.
Each participant received information about the study, including their rights, and was required to sign a consent form approved by the Centers for Disease Control and Prevention's (CDC) Human Subjects Institutional Review Board. Participants under the age of 18 years signed a participant assent form and their parents or guardian signed a parental permission form. Each participant was asked to complete a questionnaire. A trained interviewer administered the questionnaire that was designed to collect information regarding demographics (e.g., age, race, gender, and length of parish residency), lifestyle (e.g., smoking status, source of water used for cooking and drinking, and frequency of chemical use), and occupational exposure to VOCs. Data were collected on the use of VOC containing products, such as deodorizers, paints, weed killers, diesel fuel, kerosene, and gasoline. The study was designed to exclude smokers and people who had laboratory evidence of an elevated smoking biomarker, 2,5-dimethylfuran. This smoking biomarker was used to differentiate smokers and nonsmokers because the whole blood concentration of 2,5-dimethylfuran is an excellent predictor of smoking when compared with responses about smoking on questionnaires. 18 Smoking is a major contributor to the internal dose levels of many VOCs and it is difficult to assess other VOC exposures among smokers. 19 In this study, the blood VOC reference values were taken from CDC's 1999-2000 National Health and Nutrition Examination Survey (NHANES). The NHANES measures the health and nutritional status of the non-institutionalized US population.
Collection and Preparation of Blood Samples
In May 2002, a trained phlebotomist collected 10 ml of whole blood from participants for the VOC analysis, according to procedures established by the NCEH laboratory. Blood samples were collected via venipuncture into blood collection vials (10 ml draw, Vacutainers, Becton-Dickinson, Franklin Lakes, NJ, USA) that were specially treated to remove residual VOCs. 20 Participants' blood samples were analyzed for VOCs at CDC's NCEH laboratory. Documentation and chain-of-custody methods were used to ensure the integrity of the biological specimens during transport and the pre-analytical phase. The blood samples were subsequently stored chilled (4 1C) in the dark until analysis. Established quality assurance/quality control (QC) procedures were followed during collection, transport, storage, and analysis of the specimens to ensure sample integrity. Contamination from external VOCs was prevented by carefully pre-screening all samplehandling materials. The absence of contamination was confirmed by testing both storage blanks and analytical batch blanks. The analytical method and storage conditions were characterized and validated as described in a previous report Blount et al. 17 Specifically, analysis of QC materials indicated adequate method interday precision for analytes measured in both the low QC pool (coefficient of variation ¼ 11%) and the high QC pool (coefficient of variation ¼ 7%). To confirm that participants were not recently exposed to tobacco smoke, all blood samples were tested for 2,5-dimethylfuran, an indicator of tobacco smoke exposure.
Analysis of VOCs in Blood Samples
Blood VOCs were quantified using solid-phase microextraction gas chromatography-mass spectrometry (SPME-GC-MS) as described by Blount et al. 17 Briefly, blood (3 ml) was spiked with a mixture of stable isotope-labeled internal standards, heated to 40 1C, extracted using headspace SPME, and analyzed by GC-MS. VOCs were quantified using relative ion ratios of native analytes to stable isotope analogs; calibration curves were prepared daily to minimize bias. The resulting data were subjected to rigorous QC procedures to confirm the accuracy and precision of analysis. 21 
Statistical Analysis
Statistical analyses were performed using Statistical Analysis System (SAS) software (SAS Institute, Version 9.1.3). SAS software's SurveyFREQ, SurveyMEANS, and SurveyLOGISTIC procedures were used to produce population-weighted estimates for means, SDs, and parameter estimates, and to investigate associations between blood VOC levels and various demographic and exposure variables. These procedures account for the multistage cluster design that was used for sample selection. Specification of the study design parameters (strata, primary sampling units, and weights) is described in earlier publications. 16, 17 If blood VOC levels were below the limit of detection (LOD), the levels were reported as the LOD divided by the square root of 2, a standard method of imputation for laboratory data that are below the LOD. 22 As many blood VOC distributions are highly skewed, they were log-transformed (base e) for calculation of geometric means (GMs). In addition, bivariate categorical variables were created for each blood VOC variable, indicating whether or not a particular value was in the upper decile of the combined data from Calcasieu and Lafayette Parishes.
Descriptive and analytical methods were used to compare VOC blood levels between the Calcasieu and Lafayette Parishes. Arithmetic and GMs, quartiles, and selected percentiles were calculated to describe blood VOC distributions. Cross-tabulations were calculated by parish for both demographic and exposure variables. The Rao-Scott w 2 -test 23 was used to assess statistical significance of results. This test is a design-adjusted version of the usual w 2 -test and takes into account the complex sample design employed in this study. Both bivariable and multivariable logistic regression analyses were conducted to investigate associations between blood VOC levels, parishes, and various demographic and exposure variables. Odds ratios (ORs) were calculated and Wald's confidence intervals (CIs) were used to assess statistical significance. Results of all analyses were considered to be statistically significant when the P-values for test statistics were o0.05. CIs of ORs were considered to indicate statistical significance when the interval did not contain the null value.
RESULTS
The participant response rates were 87.7% from Calcasieu Parish and 72% from Lafayette Parish. The data on self-reported characteristics are shown in Table 1 . Comparison of information collected from Calcasieu Parish participants and Lafayette Parish participants showed very similar demographic characteristics such as race and gender, age category, smoking history, and occupational exposure to VOCs. The study participants ranged in age from 15 to 91 years old, 46% of the participants were men, and 89% were Caucasian. Participants from both parishes reported similar use of city water as a source for drinking and cooking. Participants from Calcasieu Parish were more likely to have lived in their parish for a longer duration than participants from Lafayette Parish. This was the only statistically significant demographic difference (Po0.0007; Table 1 ).
The frequency of self-reported use of VOC-containing products in the last 3 days before the study is presented in Table 2 . Participants in both parishes reported a history of using VOC-containing chemicals in the last 3 days before specimen collection. Analysis of the data showed similar use of chemicals between parishes with the exception of diesel fuel and kerosene. Diesel fuel or kerosene was used more frequently among residents of Calcasieu Parish (Po0.0001). However, these fuels typically contain different VOCs than gasoline. Kerosene and diesel fuel typically have fewer of the lower molecular weight VOCs of interest and are not likely to be significant sources of the six VOCs that we examined in this study.
The study was designed to exclude current smokers and people who had elevated 2,5-dimethylfuran for recent smoking behavior. Smoking questionnaire data showed 92% of Calcasieu participants and 89% of Lafayette Parish participants reported that they had not smoked in the past 5 years (Table 1) . To confirm whether a participant was recently exposed to tobacco smoke, we measured levels of 2,5-dimethylfuran, a biomarker for recent tobacco smoke exposure, in the blood samples collected from each study participant. Measurable levels of this chemical are associated with significant exposure to tobacco smoke. The data showed that 13 participants (about 4%) had elevated levels (40.012 ng/ml) of 2,5-dimethylfuran present in their blood. As a result, these 13 participants were excluded from the study along with one participant who acknowledged smoking on the day that the blood specimens were drawn. Thus, the final sample size was 283: 192 Calcasieu Parish participants and 91 Lafayette Parish participants.
We tested the blood samples of 283 participants for 30 VOCs. Of the 30 VOCs, 17 were undetected in 99% of the samples and 7 were undetected in 75% of the samples. As these 24 VOCs were not detected at the lowest detection limits in most samples, no further assessments were conducted on them. The final analysis included six VOCs that were detected in at least 25% of the blood samples. They were benzene, ethylbenzene, m-/p-xylene, 1, 4-dichlorobenzene, styrene, and toluene. The detection frequencies above LOD were 495% for benzene and m-/p-xylene, and 460% for 1,4-dichlorbenzene and toluene. The detection frequencies for ethylbenzene and styrene were 27% and 39%, respectively ( Table 3 ). The LOD is used for analytic detection and this value is not related to or above a health-based standard.
ORs for being in the top tenth percentile of blood VOC levels were calculated for the six VOCs (Table 4 ). The crude OR for, m-/pxylene, (OR ¼ 1.69; 95% CI ¼ 1.02-2.80), was the only statistically significant result. We adjusted the ORs for age, gender, race, occupational exposure status, risk zones, and source of drinking and cooking water. After adjustment, the OR for m-/p-xylene (OR ¼ 2.10; 95% CI ¼ 0.094-4.70) was no longer statistically significant. Overall, blood levels of m-/p-xylene were lower in Calcasieu Parish participants than that in the Lafayette Parish participants. Crude ORs and adjusted ORs of the other five VOCs in both parishes were also not statistically significant. When we analyzed the blood VOC levels of participants in the risk zones (industrial corridor, industrial buffer, and outer zone), we found no association between risk zones and blood VOC levels.
The GMs of benzene, ethylbenzene, toluene, 1, 4-dichlorobenzene, and styrene were compared between Calcasieu Parish and Lafayette Parishes and they were not statistically different between the two parishes ( Table 5 ). The GM for m-/p-xylene, however, was statistically higher for Lafayette Parish when compared with Calcasieu Parish. In addition, we compared the GMs of the six VOCs and various percentiles of the distribution in Calcasieu and Lafayette Parishes, and the mean levels of both parishes combined with the US general population, 1999-2000 NHANES for non-smokers. We found blood levels of benzene, ethyl benzene, m-/p-xylene, and toluene were lower in Calcasieu Parish, Lafayette Parish, and both parishes combined for key percentiles and GMs with the reference range values reported in Statistically significant with the P-value o0.05.
Comparison of blood VOC levels Uddin et al the 1999-2000 NHANES (Table 6 ). Blood levels of styrene were not available at the 25th and 75th percentiles in the 1999-2000 NHANES survey, but the GM of styrene in Calcasieu Parish, Lafayette Parish, and both parishes combined were similar and comparable to NHANES. Blood levels of 1,4-dichlorobenzene were higher in Calcasieu Parish, Lafayette Parish, and both parishes combined at key percentiles and the GM when compared with NHANES (Table 6 ). However, the differences were not statistically significant.
DISCUSSION AND CONCLUSION
The goal of this study was to determine whether people living in a community with residential areas in close proximity to petrochemical and agrochemical manufacturing industries had higher blood VOC levels than people living in a community with less industrial manufacturing activity. The study design recruited a representative sample of Calcasieu Parish residents, age 15 years and older, living mostly within 1 to 8 miles to the industries in Calcasieu Parish. A small group of Calcasieu Parish residents living 9 to 25 miles from the industries was also included from the towns of Vinton, Iowa, and DeQuincy. A similar group of residents of the less-industrialized Lafayette Parish was selected for comparison. The study participants included non-smokers and persons who did not have laboratory evidence of elevated 2,5-dimethylfuran, a biomarker for recent smoking behavior. Therefore, the results are applicable to non-smokers. The demographics, lifestyle, and occupational characteristics data indicated that the residents in Calcasieu Parish were less mobile and lived longer in the parish when compared with Lafayette Parish residents. According to the 2002 Louisiana VOC emissions data, Calcasieu Parish had B2-fold higher total VOC emissions and 41-fold higher stationary point source VOC emissions when compared with Lafayette Parish.
12,14 Testing of 283 blood samples for 30 different VOCs revealed that blood levels of 24 of the VOCs were so low that they were not detected at the lowest detection limit. The limits of detection relate to sample analysis and do not relate to health. As VOCs do not persist in the body, this study does not reflect past exposures.
Despite having higher industrial emissions in the environment, as well as higher total and stationary point source VOC emissions in Calcasieu Parish, analytical results indicated that Calcasieu Parish participants did not have elevated blood VOC levels for the six VOCs analyzed when compared with Lafayette Parish participants. When Calcasieu Parish participants were further analyzed by risk zones (industrial corridor, industrial buffer, and outer zone), no differences were noted in the blood VOC levels within the risk zones. Both Calcasieu and Lafayette Parish participants had similar distributions for the six blood VOCs. One probable explanation could be that VOCs emitted through industrial processes were diluted in the air. Therefore, outdoor environmental exposure of the six VOCs to the general public was minimized and may not have been as high when compared with indoor exposure sources. Calcasieu Parish participants lived within 1 to 25 miles of the industries and the wind direction may have been a contributing factor. Typically, human exposures to volatile environmental contaminants via air occur more often downwind from emitting sources. 24 Depending on the wind direction, some Calcasieu Parish residents may have been exposed to VOCs more frequently and some less frequently than others. However, the study design did not account for meteorological conditions (e.g., prevailing winds and precipitation) and thus does not assess this potential confounder that could modify how outdoor air VOCs relate to blood VOC levels of participants in this study. In addition, most of the internal doses of VOCs that result from environmental exposures have a short half-life and are eliminated from blood in a matter of hours. 9 Blood VOC levels of Calcasieu Parish participants were compared with those of Lafayette Parish participants, and blood VOC levels of participants from both parishes were combined and compared with national sampling results. Environmental toxicants were measured in blood and urine samples obtained from a random sample of participants in the 1999-2000 NHANES. NHANES is designed to obtain information on the health and nutritional status of the non-institutionalized US population. The NCEH laboratory at CDC conducts all laboratory tests for environmental contaminants in samples collected for NHANES. Measuring internal dose is often the best method for assessing the nature and extent of human exposure to environmental toxicants. The six blood VOC levels analyzed in this study were either lower than or comparable to the national reference range values for the US population. Although the GM for m-/p-xylene was statistically higher in Lafayette Parish compared with Calcasieu Parish, the GM for m-/p-xylene in both parishes were lower than the national sampling results (1999-2000 NHANES). People living in close proximity to the industrial plants that emit VOCs in the environment did not have blood VOCs at levels to cause health concern. This study had several strengths. Biomonitoring was used to assess participant's exposure to VOCs. Biomonitoring is considered the gold standard for assessing human exposure to toxic substances. Instead of estimating how much of a toxic substance gets into people from measured environmental concentrations, biomonitoring measures contaminant levels that are actually in a person's body. Two different comparison populations were used, one regional and one national, to evaluate VOC levels in the target population. Out of 30 VOCs analyzed, 24 were below detection limits leaving 6 VOCs detected in high-enough concentrations to enable comparison with national sampling results. An additional strength was the strong support from the community and their active involvement in the development of this study.
The study also had some limitations. The study design did not account for meteorological conditions (e.g., prevailing winds and precipitation) that can modulate exposure to airborne pollutants. The analysis of the blood samples for the VOC levels reflects current exposure and do not reflect past exposures. In addition, some potential physiological modifiers of blood VOC levels were not assessed that could affect blood VOC concentrations (e.g., blood lipids, obesity, and genetic polymorphisms). However, these limitations did not significantly affect the overall objective of assessing blood VOC levels in this population. In summary, there were no statistically significant and consistent differences in the levels of the six VOCs in the blood samples collected from Calcasieu and Lafayette Parish residents even though Calcasieu Parish residents live in close proximity to several petrochemical and agrochemical industries. In addition, the blood VOC levels in Calcasieu Parish residents did not exceed reference range values for the US population. The results of this study suggest that living in close proximity to industries in Calcasieu Parish, a parish with high VOC production and release in the environment, does not necessarily equate to elevated blood VOC levels when compared with national sampling results.
